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Abstract 
Metal Additive Manufacturing (AM) has begun its revolution in various high value industry sectors 
through enabling design freedom and alleviating laborious machining operations during the production 
of geometrically complex components. The use of powder bed fusion (PBF) techniques such as 
Selective Laser Melting (SLM) also promotes material efficiency where unfused granular particles are 
recyclable after each forming operation in contrast to conventional subtractive methods. However, 
powder characteristics tend to deviate from their pre-process state following different stages of the 
process which could affect feedstock behaviour and final part quality. In particular, primary feedstock 
characteristics including granulometry and morphology must be tightly controlled due to their influence 
on powder flow and packing behaviour as well as other corresponding attributes which altogether affect 
material deposition and subsequent laser consolidation. Despite ongoing research efforts which focused 
strongly on driving process refinement steps to optimize the SLM process, it is also critical to 
understand the level of material sensitivity towards part forming due to granulometry changes and tackle 
various reliability as well as quality issues related to powder variation in order to further expand the 
industrial adoption of the metal additive technique. In this review, the current progress of Metal AM 
feedstock and various powder characteristics related to the Selective Laser Melting process will be 
addressed, with a focus on the influence of powder granulometry on feedstock and final part properties.  
1.0 Introduction to Metal AM 
Additive Manufacturing (AM) has observed increasing adoption from medical, aerospace and 
automotive industries to manufacture prototypes and functional components with complex structures 
while eliminating the geometrical constraints constantly faced by traditional machining techniques. AM 
processes were first introduced in the late 1980’s as Rapid Prototyping (RP) solutions based on various 
layer building and material consolidation approaches to produce quick design-to-part models for 
visualisation and prototyping purposes. The versatile technology offers a wide range of material 
consolidation mechanisms including Stereolithography (SLA), Laminated Object Manufacturing 
(LOM), Fused Deposition Modelling (FDM), Selective Laser Sintering (SLS) and 3D Printing (3DP) 
which share a common working principle of Layer Manufacturing (LM) [1]. After more than two 
decades of AM existence, technology advancements and stringent industrial demands forced a shift in 
AM approach towards Rapid Manufacturing (RM) and Rapid Tooling (RT), whereby conventional RP 
techniques extended their capabilities to produce directly useable components with material and 
mechanical performance comparable to conventional manufacturing. Currently, AM technology is 
focused on developing practical end-use industrial applications such as injection moulding tools, dental 
implants and aerospace engine components. Metal AM processes are strongly targeted at achieving 
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these goals to produce high value components in conjunction with design flexibility, multi-material 
integration as well as light weighting possibilities.  
Metal AM materials and classification 
Powder, wire and sheet materials are various forms of feedstock utilised in metal AM processes which 
also differentiate the respective construction behaviours and material binding modes of the 
commercialised techniques (Refer to Figure 1). Majority of the metal AM processes consist of powder-
based systems including Powder Bed Fusion (PBF), Direct Energy Deposition (DED) and Binder 
Jetting which utilise granular powder as the primary source of material during part forming. Among 
these processes, PBF and DED techniques execute direct melting of powder materials to achieve fully 
dense parts using high energy sources (E.g. laser or electron beam) while Binder Jetting coagulates 
powder particles with adhesive agents before carrying out post sintering and secondary infiltration for 
part density restoration. Material depositions of powder-based methods are also dissimilar in which 
PBF and Binder Jetting processes involve the coating of feedstock onto a bed substrate prior to material 
consolidation while DED utilises a coaxial nozzle and beam to perform powder delivery and melting 
almost simultaneously. In particular, the class of PBF techniques including Selective Laser Melting 
(SLM) and Electron Beam Melting (EBM) processes are typically preferred routes for the direct 
fabrication of high quality metallic parts [2]. In comparison, SLM utilises an Nd: YAG fibre laser 
(~200-400W) under an inert gas environment (E.g. Ar or N) while EBM requires a focused electron 
beam (~60kW) within vacuum conditions [3]. Although both techniques are capable of producing near 
net shape metallic components, SLM generally manufactures higher precision parts with better as-built 
surface quality than EBM but often at the expense of longer build times and higher residual stresses [4]. 
While the primary reason could be due to the relatively finer powder sizes used in SLM, the influence 
of size distribution (granulometry) on the powder behaviour during process build-up and the resulting 
part quality remains unclear.  
 
Figure 1: Metal AM processes 
SLM Research 
It is well known to the metal AM community that SLM technology and other PBF processes are 
sensitive to both process and material inputs used prior to part build-up [5]. Accordingly, many 
published works have concentrated on addressing the major key process parameters including laser 
power, scan speed, layer thickness and hatch distance which requires strategic control to generate 
suitable energy intensities for processing different types of metallic materials [6–8]. Existing studies 
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also reviewed on the mechanical properties of SLM produced parts, variations in part performance due 
to different orientation, build layouts, scan strategies as well as common issues and defects encountered 
during SLM processing which are strongly tied to its complex metallurgical phenomenon [1,9–13]. To 
resolve process complexity and understand the thermo-mechanical interactions occurring in SLM, 
numerous numerical modelling simulations and finite element approaches have also been developed 
and reviewed by King et al. [14]. With respect to the materials used in SLM, finer sized powders are 
preferred to achieve parts with better resolution when used in conjunction with reduced layer 
thicknesses during processing [9]. However, less emphasis was placed on the influence of powder size 
distribution as compared to its importance in the study of conventional sintering [15]. More recently, 
researchers are beginning to spend considerable efforts in quantifying feedstock performance used in 
metal AM which illustrated several key characteristics found in powdered materials [16,17], AM 
powder production methods [18] as well as metrology techniques used for AM feedstock 
characterisation [19,20]. However, the inter-relationships between powder size distribution 
(granulometry) and other material parameters (packing density, rheology, thermal properties etc.) as 
well as the resulting mechanical properties and microstructure of the part produced were not well 
understood according to the authors' knowledge.  
In this paper, an overview of the SLM process as well as its existing issues encountered during part 
build-up will be first addressed. Next, the current progress of metal AM powder including various 
powder attributes and their individual influence on the SLM process will be covered. Lastly, the effects 
of powder granulometry changes on the powder performance and part performance will be discussed.  
2.0 Selective Laser Melting 
2.1 Process Description 
With increasing needs to produce industrial grade metallic parts using AM technology, SLM was 
developed under the RM/RT approach in year 2000 to evolve consolidation capabilities from previous 
prototyping systems. Similar to many AM methodologies, the SLM process extracts design information 
from a three-dimensional CAD/STL file which is digitally converted and sliced into thin geometrical 
layers by a computer software. A mirror-guided laser source then scans the powder bed within an inert 
gas build chamber, selectively melting targeted areas on the surface of the powder bed before 
descending the build platform along the Z-axis at a pre-allocated thickness for the next deposition to 
occur. The process requires initial powder layers to be fused onto a base substrate, initially levelled on 
the build platform, before subsequent powder layers can be sequentially stacked upon solidified layers 
until the final part is completed. SLM technology uses a high-powered laser which directly melts 
powder particles to the molten state and produce near dense parts without lengthy post treatments like 
secondary infiltration as seen in SLS systems. Nevertheless, minimal stress relieving heat treatments 
and surface finishing operations may still be required to optimise part functionality. Furthermore, part 
optimisation in SLM often requires the control of key process parameters including (1) Laser Power, 
(2) Scan Speed, (3) Hatch Spacing and (4) Layer thickness which generates an energy density, E  
(J/mm𝟑) governed by Equation 1 [21]: 
𝑬 =  
𝑷
𝒗 ∗ 𝒉 ∗ 𝒕
                                                                                  (1) 
Where 𝑃 (W) is the laser power used, 𝑣 (mm/s) represents the scanning velocity,  ℎ (m) refers to the 
hatch spacing between scanned tracks and 𝑡 (m) is the thickness set to lower the build platform by a 
single layer during the process. Table 1 shows a list of energy density values used for producing high 
quality parts for common metallic materials such as stainless steel 316L. The energy density used for 
different material types and machines would also vary drastically due to the different material thermal 
history as well as the irradiation source used to generate parts. Meanwhile, SLM is still a challenging 
consolidation technique which limits its suitability to a narrow range of common structural alloys 
including steel [22], titanium [23], aluminium [24] and nickel [25]. 
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Table 1: SLM Process parameters for stainless steel 316L 
 
Power (W) 
 
Scan Speed 
(mm/s) 
 
Layer 
thickness (µm) 
 
Hatch Spacing 
(µm) 
 
Energy Density 
(J/𝐦𝐦𝟑) 
 
Ref. 
180 278           50          124       104.52 [26] 
380   625 - 3000           50       25 - 120 98.7 - 108.57  [27] 
300 700 - 1200           30           80    104 – 178.57 [28] 
 
2.2 Metallurgical Principle 
Material consolidation in the SLM process differs from conventional casting operations where the 
melting-solidification mechanism depends heavily on rapid temperature changes, gravitational effects 
and melt convection without external pressure application [13]. Figure 2 shows the thermo-mechanical 
reactions which occur in a typical SLM process as the laser beam passes and strikes onto the powder 
particles deposited during layer build-up. High thermal irradiation energy generated by the laser source 
is rapidly absorbed by the exposed powder particles through bulk coupling and powder coupling means 
[29] which subsequently melts and creates a half segmental molten metal pool. Under Marangoni 
convection, surface tension gradients of the melt pool drives thermo-capillary motion according to 
localised temperature difference where liquid at the centre of the melt pool closest to the beam spot 
(hotter region) will be transported to the melt edges (cooler region) [30,31]. Since the melt pool 
effectively flows away from the laser beam, it exhibits a negative surface tension gradient which 
generates a shallow and well-distributed liquid mass. Subsequently, the segregated liquid at molten pool 
boundaries would gather sufficient amount of surface energy which then flows back to the heated region 
and completes the convection loop [30]. Under this thermo-capillary action, the molten metal further 
traverses through the bed of powder particles to join the pre-consolidated underlying layer and solidifies 
rapidly under cooling rates of about 106𝐾/𝑠 [32]. 
 
Figure 2: Marangoni Convection [10] 
2.3 Existing Issues in Selective Laser Melting Process 
Despite the benefits of flexible manufacturing, SLM still remains a complex metallurgical process 
subjected to various defects and issues related to process or material changes which significantly affect 
resultant build quality of the part. 
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Residual Stresses 
The higher irradiation energy used in SLM creates steeper thermal gradients as compared to SLS which 
increases residual stress accumulation during part forming that propagates over multiple built layers 
and may result in severe thermal deformations, delamination or distortions such as part warping (refer 
to Figure 3). Rapid melting and solidification cycles in SLM introduce large thermal fluctuations across 
the solidified material during built-up which influence both compressive and tensile conditions. Two 
main thermal mechanisms are involved in the build-up of residual stresses during the SLM process: (1) 
Temperature Gradient Mechanism (TGM) and (2) Cool-down phase [33]. Based on TGM, the pre-
solidified material underneath the melted layer is heated up rapidly upon laser irradiation, which readily 
expands but is constricted by the cold and rigid portions of the solidified piece. The restriction in thermal 
expansion at the local irradiated zone may generate a residual compressive stress which induces plastic 
deformation and possible cracking if the stress level exceeds the allowable yield strength of the material 
(refer to Figure 4). In the cool-down phase, the melted layer cools and contracts with a shrinkage action 
that is again inhibited by the underlying layer, causing tensile stresses at the upper region and 
compression at the bottom zone. Hence, both cyclic expansion and contraction under intermittent laser 
interaction results in residual stress accumulation and the largest tensile stress was often observed at the 
surface of the final deposited layer which could exceed the yield point of the parent material according 
to previous studies [13,34,35]. Researchers have also developed stress prediction tools [33,36], process 
refinement methods [37,38] and scanning strategies [33] to address part distortion issues due to thermal 
deformations in order to minimise the amount of residual stress induced in SLM components.  
 
Figure 3: Possible part failures due to residual stresses 
  
Figure 4: (left) Temperature Gradient Mechanism (right) Cool-down phase [39] 
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Balling 
Balling is a common defect found in SLM processes which disrupts inter-layer bonding, induces 
porosity and degrades the surface quality of produced parts [40,41]. The adverse effect typically arises 
from the use of high scan speeds (low corresponding energy density) which produces an elongated melt 
pool that breaks up under Rayleigh instability to reduce surface tension, forming a series of fine metallic 
balls (10µm) staggered along the melt path (refer to Figure 5). Balling also occurs under insufficient 
laser power usage which generates limited melt formation and produces coarser sized balls (500µm) as 
a result of partially melted powder [41]. Additionally, interstitial constituents such as oxygen and 
hydrogen found on powder particle surfaces or dissolved elements circulating within the build 
atmosphere can disrupt melt pool surface tension which leads to balling. Such interstitial presence 
reverses capillary motion at the melt pool surface, forcing the flow of molten liquid inwards to the melt 
pool centre under a positive surface tension gradient and induces unfavourable wetting conditions upon 
spheriodisation [42]. Based on previous studies, laser re-melting (LSR), addition of deoxidising 
impurities and elevated laser power fusion  have shown to minimise contamination and regulate surface 
tension [41,43]. 
 
Figure 5: Balling phenomenon 
Vaporisation 
Laser fusion occurring at levels exceeding energy density thresholds could result in increased metal 
fluid evaporation beyond the material’s melting point, producing metallic vapour which facilitates 
plasma formation [44]. The vaporisation phenomenon is commonly termed as ‘keyhole mode melting’ 
(refer to Figure 6) with deep laser beam penetration into a powder bed through vapour voids which 
creates a large melt pool that could also initiate balling phenomenon. For instance, overly high energy 
density may occur at low scan speed conditions where prolonged exposure under laser irradiation could 
induce boiling of the molten pool and disrupt its stability inducing small metallic balls [45]. The strong 
recoil pressure also introduces denudation on the powder bed together with Marangoni convection 
which drives the melt pool further into the powder layers creating a depression. The breakdown of the 
depression sidewalls upon cooling will subsequently leave entrapped irregular pores that result in poor 
interlayer fusion [46]. Additionally, melt spattering and ejection of low viscosity melt can also arise 
under rapid expansion and recoil forces during the process which degrade part surface quality and 
disrupt coater performance [47]. 
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Figure 6: Key-hole mode of melting [46] 
3.0 Metal AM Powder 
Many high value industries are increasingly seeking to incorporate metal AM systems to their 
manufacturing lines in order to explore the benefits and capabilities of producing high value and 
complex shaped metallic components. The feedstock market is also targeted to grow exponentially 
together with the rise in adoption of metal AM systems including SLM and EBM where metallic 
powders are the main material resource for part production. Although the current metal-based AM 
powder market is still relatively small as compared to conventional powder processing methods such 
as Powder Metallurgy (PM) and Metal Injection Moulding (MIM), an increasing market trend would 
create more opportunities for feedstock producers to place more emphasis towards the development of 
refined quality powder desired for metal AM applications.  
3.1 Production techniques 
Although AM processes require spherically shaped powders to achieve high apparent density and 
smooth rheological behaviour properties during part fabrication as compared to PM and MIM, feedstock 
production methods are relatively similar and are shared across the metal powder forming processes. 
Existing powder atomisation techniques include gas, water, plasma, plasma rotating electrode, 
centrifugal as well as hydride-dehydride process to create useable metallic feedstock [18]. The 
properties of produced powder vary across the different atomisation techniques ranging from powder 
size, morphology, size distribution to chemical composition following the respective processing 
methods and atmospheric conditions used. In terms of applications, gas atomised (GA) powders are 
often preferred in SLM processing since they exhibit higher sphericity as compared to water atomised 
(WA) particles due to lower heat capacity and slower quenching rates during atomisation (refer to 
Figure 7). Despite the inherent irregular morphology and lower apparent density, WA powders can be 
used in SLM to manufacture sound parts but require process fine tuning which will be discussed further 
in Section 4.1. However, the high oxide content of WA grades remains a critical issue in which highly 
reactive metallic powders such as titanium alloys are rarely produced through this route. Instead, 
reactive and exotic powdered materials are sometimes produced by Plasma rotating electrode process 
(PREP), plasma atomisation (PA) and plasma spheriodisation techniques which promise highly 
spherical and purified powders [16]. Plasma processed feedstocks have also been reported to exhibit 
higher sphericity and uniformity in size distribution as compared to GA grades [48]. Thus, the utilisation 
of plasma produced powders can be mainly found in several SLM Ti6Al4V studies [23,49,50]. While 
better powder packing density and flow behaviours of plasma processed grades are favourable to AM 
processing, no distinguishable difference was noted in produced part performance over GA powders 
according to [51]. This may encourage consumers to stick with GA grades since plasma routes are 
relatively more expensive. Meanwhile, research and industry players are also studying various means 
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to improve the yield of spherical particles through the WA process [52–54] as well as thermal spraying 
methods [55] to seek cost-effective feedstock production solutions and lower the costs of AM powders. 
 
Figure 7: Gas atomised vs water atomised [56] 
3.2 Commercial powder manufacturers 
The existing population of AM powder manufacturers comprised mainly of machine makers (OEM), 
OEM-approved third party suppliers and general powder manufacturers. Machine OEMs often restrict 
users to a tailored range of proprietary feedstock with limited room for powder modification or 
extensive feedstock research and development. Alternatively, powdered materials can be purchased 
from external suppliers certified by OEMs but may still be relatively expensive. Nevertheless, a more 
cost-saving route would be the direct procurement from general powder makers but this would often 
require further characterisation steps before actual SLM production commences and likelihood of 
material inconsistency may also arise during the process. Additionally, proprietary feedstocks have 
designated powder attributes (size, size distribution, chemical composition etc.) which are often used 
within customised processes and specified material windows. Since powders are prepared differently, 
using a non-OEM supplied feedstock may result in less than optimum final part properties as compared 
to a proprietary grade. An example was found in [57] where a difference in part densification behaviour 
was observed between the OEM (~94-96%) and non-proprietary powder (~89-94%) despite processing 
under the same set of parameters, particularly under low laser power and slow scan speed conditions. 
Furthermore, difficulties in investigating the effects of feedstock variation on SLM processing result 
from a lack of open powder characterisation details which are usually undisclosed for competitive 
reasons, making generic powder requirements difficult to establish across all AM materials due to 
insufficient powder experimentation, validation and evaluation circumstances [58]. 
3.3 Powder Issues, Gaps and Needs 
Over the recent years, many strategic efforts were mainly focused on optimising part build-up through 
process refinements such as increasing laser power, reducing scan velocity, hatch spacing as well as 
layer thickness which are well documented [26,27,59]. However, it is imperative to study the influence 
of various powder characteristics and establish correlations with these process windows alongside the 
rapid progress of metal AM [2]. Powder characteristics are often subjected to unforeseen variations over 
different stages of the SLM process from environmental, mechanical and thermal disturbances which 
affect part densification, mechanical properties, surface quality and microstructure. Large amount of 
research efforts have been focused on the development of suitable measurement tools and 
characterisation methods required for qualification and quantification of individual powder properties 
in order to ensure quality and consistency under repeated processing [19,60–63]. With the need to 
improve material efficiency through feedstock reutilisation, powder recycling techniques have also 
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received increasing attention to minimise contamination and other powder consistency issues which 
affects mechanical properties especially for chemically reactive metallic alloys [64,65]. Many physical, 
numerical and thermal models were also developed to break down the complexity of laser-powder 
interactions during the SLM process through simulated analysis but additional considerations on 
powder transformations from pre-process, in-process to post-process are required to validate the 
relationship between feedstock variation and final part properties [14]. Thus, it is important to review 
the influence of powder characteristics variation from the existing literature which can help to identify 
areas for powder material optimisation and support current thermo-mechanical simulation models to 
refine process prediction capabilities. 
4.0 Powder Characteristics 
In SLM, powder bed characteristics are governed by morphology, granulometry, surface chemistry, 
packing density, rheology and thermal properties which are known to affect the behaviour of feedstock 
and subsequent part forming procedure. Smooth flowability and high packing density of powders are 
some desirable attributes during SLM processing to ensure successful material deposition as well as 
part densification [1]. However, such parameters are also dependent on particle shape, size distribution 
and surface chemistry of the powder in which inter-relationships among powder characteristics exist. 
The following sections will address the influence of individual powder characteristics on the SLM 
process including brief descriptions of their respective characterisation methods. 
4.1 Powder Morphology 
Powders produced from different atomisation techniques will tend to vary in terms of their morphology 
and size which affects the packing density and flow properties of the feedstock. Highly spherical 
particles are often desired in the SLM process since particle shapes that conform towards unity can 
gradually enhance both its powder packing density and rheology performance (Refer to Figure 8 and 
Figure 9). Hence, qualified feedstocks typically consist mostly spherical particles with very few 
irregularly shaped or angular grains in its powder distribution. Powder morphology analysis commonly 
involves basic visual assessments of tomography and micrographs generated using optical techniques 
such as X-Ray Computed Tomography (CT) scans, Scanning Electron Microscopy (SEM) and Optical 
Microscopy (OM) respectively. Apart from spheres, other types of particle shapes (acicular, flake etc.) 
were previously established to describe powder geometry based on their physical features according to 
ASTM B243 [66]. Morphology characterisations are also performed using dimensional parameters to 
generate number representations for the quantification of particle geometries. The Martin’s diameter, 
Feret’s diameter and projected area diameter are various ways to determine particle dimensions based 
on their orthogonal distances while aspect ratio, sphericity and roundness are often used to define shape 
factors [20]. The aspect ratio is a simple and common approach used to perform shape analysis based 
on the physical measurements of powder particles including length (L), width (W) and thickness (T) 
where a perfect sphere approximates the condition of (L/W = W/T = 1) [60]. However, morphological 
measurements obtained through these techniques may not be reliable since they are usually derived 
from two-dimensional images which are insufficient to quantify the complete shape of powder particles. 
Nevertheless, these techniques are useful for performing quick morphology comparisons across 
different powder feedstocks while more subtle particle analysis requires laser diffraction and dynamic 
image analysis tools which will be elaborated further in Section 4.2. 
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Figure 8: Powder morphology on apparent density [67] 
  
Figure 9: Particle Aspect Ratio on Mass Flow rate [68] 
Since majority of the powders utilised in SLM processes are still mainly obtained from GA and WA 
methods, they are less spherical and contain more satellites as compared to the plasma processes (Refer 
to Figure 10). Formation of satellites occurs when small particles adhere to the surfaces of larger ones 
due to collisions during atomisation which generates an aspect ratio of (L/W > 1) [60]. Nevertheless, 
GA powders are appreciably more spherical than WA grades and exhibit smoother particle surfaces 
which facilitates inter-particle motion to provide better powder packing ability [69,70]. The difference 
in particle morphology also lead to larger pore sizes (Refer to Figure 11) and higher porosity found in 
parts produced by WA feedstock as compared to GA due to poor packing behaviour [56]. However, 
Irrinki et al. [71] recently reported comparable part densifications (96 - 97.5%) achieved by both types 
of atomised powder when laser consolidation took place at an energy density of 104𝐽/𝑚𝑚3. Although 
GA powder produced denser specimens than the WA grade at lower energy density levels (64 – 
84𝐽/𝑚𝑚3), part density was observed to be independent of powder morphology when an appropriate 
energy density (≥ 104𝐽/𝑚𝑚3) was used. However, the high content of interstitial elements present in 
WA powder which accelerates oxide formation would be the main concern when selecting suitable 
material feedstock. Based on the literature, powder morphology mainly addresses the dimensional and 
physical aspects of powder particles produced from different types of atomisation techniques. As far as 
ensuring optimum flow and powder packing efficiency is concerned, further understanding of particle 
size distribution and surface chemistry is required which will be discussed in the upcoming sections. 
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Figure 10: Formation of satellites on particle surfaces [60] 
   
Figure 11: Micrograph of SLM parts produced from Gas atomised (left) and Water atomised (right) [56] 
4.2 Powder Granulometry 
While powder morphology reveals the aesthetic structure of powder particles, the granulometry or size 
distribution (PSD) is commonly used to quantify particle sizes in terms of volume composition. PSD is 
a highly dynamic parameter which fluctuates over various stages of the SLM process including powder 
storage, spreading as well as recycling, subsequently inducing variations in feedstock behaviour [10]. 
Granulometry changes are mostly observed in recycled powders that contain particles larger than the 
coated layer thickness due to segregation from the build compound via the feeder device which shifts 
the distribution curve to coarser sized regions (See Figure 12) [63,65]. Powder coarsening could also 
arise from pre-sintering of particles near the melting zone where droplets of molten metal ejected from 
the melt pool may adhere onto unfused particles, forming larger and less spherical powder structures. 
While the PSD difference between fresh and recycled powder is usually below 10%, increase in powder 
aggregation with higher number of build cycles (See Figure 13) could disrupt flow and packing 
performance for subsequent forming operations [60]. As such, necessary sieving procedures prior to 
reutilisation of the used feedstock are performed during powder recycling operations in order to 
minimise size deviations from the original particle distribution array.  
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Figure 12: Coarsening of PSD after IN718 powder reuse [65] 
 
Figure 13: 𝐷10, 𝐷50 and 𝐷90 increase with number of build runs [60] 
Many commercial feedstocks used in SLM processes follow a Gaussian distribution whilst the addition 
or removal of powder particles through mixing and sieving operations could substantially affect the 
behaviour of the distribution curve resulting in other model variants as shown in Figure 14. In Gaussian 
(normal) distributions, the mode, mean and median coincides at a single central tendency of the curve 
while negatively and positively skewed distributions are asymmetrical as a result of higher fractions in 
coarse and fine particles respectively. On the other hand, multimodal distributions will exhibit two or 
more distinct peaks at discrete particle sizes which indicate the respective modes of the distribution. 
While features on a size distribution curve provide qualitative indications of the overall powder 
behaviour, various techniques such as sieving, laser diffraction and dynamic image analysis are required 
to characterise the volume of measured particle sizes through shape detection and size screening 
procedures. Sieve analysis provides a simple approach to derive the PSD by displacing powder samples 
through a series of stacked sieves in descending order of mesh sizes subjected to mechanical vibration 
according to ASTM B214 [72]. Subsequently, each distinct mesh (n) will retain particles which are 
impenetrable to the next mesh (n + 1), thus generating a spectrum of particle sizes collated into a PSD. 
However, very narrow bin sizes between adjacent meshes are often required to produce accurate PSD 
results which incur high costs and time-consuming measurements. On the other hand, the laser 
diffraction method is more popularly used as large number of measurements can be obtained within 
shorter timeframes and repeatable results are ensured through proper sample dispersion following 
ASTM B822 [73]. During measurement, the technique captures diffracted rays formed by individual 
powder particles subjected to electromagnetic impingement while background algorithms (Mie Theory, 
Fraunhofer Theory etc.) analyse and condense the scattered pattern into a PSD spectrum [74]. Although 
the process can provide accurate PSD measurements for most powder-based AM processes which often 
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utilise highly spherical powders, certain unreliability arises when examining irregularly shaped particles. 
Due to the assumption of perfect spheres during particle analysis, the scattering pattern and dimensions 
of non-spherical powders can only be approximated [60]. Nevertheless, existing image based analytical 
tools may overcome such challenges through inspecting powder shapes performed in accordance to ISO 
13322 [75]. High-resolution static image analysis instruments (E.g. Morphologi G3) capture the optical 
images of detected powder particles and subsequently match morphology indexes against its database 
containing various particle shapes to derive shape attributes (Circularity, convexity, elongation etc.). 
Powder sizes are derived through translating the projected area of each captured particle to an equivalent 
sphere having distinct diameter, thus generating a spectrum of circle equivalence (CE) diameter as well 
as sphere equivalent (SE) volume figures for PSD analysis [76]. Alternatively, studies have also used 
dynamic image analysis (DIA) tools (E.g. Camsizer X2) in which the silhouettes of falling powder 
particles from a vibratory hopper are instantaneously captured within a measuring space region 
established between a pulsed light source and dual cameras [63]. The use of two cameras helps to 
improve accuracy in image capturing by each focusing on large and small particles respectively at 
different magnifications [77]. Overall, image analysis methods may offer higher resolution over non-
image based techniques through direct physical measurements especially when examining feedstocks 
with high amount of fine satellites and/or irregular particles such as WA grades.   
PSD results are usually presented in a differential curve to distinguish the mode, mean and median 
particle sizes of the feedstock and a cumulative graph which identifies the volume content in terms of 
size gauges (𝐷10, 𝐷50 and 𝐷90). Using Figure 15 as an example, 𝐷10 = 20µ𝑚 indicates that 10% of the 
powder sample is less than 20µ𝑚; 𝐷50 = 45µ𝑚 represents the median value and specifies that 50% of 
the powder is below 45µ𝑚; and 𝐷90 = 60µ𝑚 depicts that 90% of the particles are smaller than this 
size. Additionally, distribution widths can be obtained through standard deviation measurements from 
the central tendency while the span (
𝐷90−𝐷10
𝐷50
) is sometimes used to represent the width of a Gaussian 
size distribution based on size metrics computation [78]. However, different measurement approaches 
such as the size width (2.56 𝑙𝑜𝑔10(𝐷90 𝐷10⁄ )⁄ ) may be employed when comparing different types of 
size distributions (E.g. Gaussian vs multimodal) [71]. Typically, a higher standard deviation, larger 
span or size width are common indicators of a wider distributed powder and vice-versa. Various size 
distribution models were also previously known to produce different packing behaviours which affect 
shrinkage and densification of forming parts in conventional sintering processes [15]. In a similar 
manner, the study of granulometry variation could receive new interests in the SLM process as well as 
other powder-based AM techniques since changes in powder size characteristics can influence material 
process-ability throughout the entire process build-up. Existing works have also established preliminary 
powder granulometry requirements suitable for SLS and SLM processes including 𝐷90 𝐷10⁄ ≤ 19, 
𝐷50 𝐷10⁄ ≥ 10 𝑎𝑛𝑑 𝐷90 < 𝑡𝑙𝑎𝑦𝑒𝑟  [69,79]. As such, the size metrics and distribution model 
representations will be used to describe the effects of powder size distribution on powder and part 
performance in this review. 
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Figure 14: Variations of Powder Size Distribution 
 
Figure 15: Differential (left) and Cumulative (right) Size Distribution 
 
4.3 Powder Surface Chemistry 
Powder contamination has been an underlying issue in SLM especially during the processing of highly 
reactive feedstock such as magnesium [80], titanium and aluminium alloys [81]. Prolonged exposure of 
reactive feedstock to external environments, interstitial gas intrusions and the close proximity to heat 
irradiation during part forming would trigger oxidation reactions [10,82]. Oxidation hinders part 
consolidation through the formation of oxide skins on powder surfaces which translates into the molten 
pool upon melting, causing instability that breaks up the melt pool into droplets known as the balling 
effect covered earlier in Section 2.3. Additionally, hardened oxide films also hinder proper surface 
wetting conditions which subsequently generate poor adherence across formed layers that induce part 
porosity [40]. Another mode of contamination refers to the formation of hydroxides due to moisture 
adsorption at powder surfaces which occurs under relatively high humidity conditions [83]. As 
compared to solidified oxide layers which are often hard and brittle, adsorbate films exhibit a viscous 
behaviour which disrupt the flow of particles within the powder bed due to an increased tendency of 
agglomeration [84]. Furthermore, the drop in water vapour pressure at elevated build chamber 
temperatures could trigger hydroxide layers to produce oxides upon crystallisation which can further 
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degrade the build chamber atmosphere. Irradiation contact with adsorbed water layers would also 
facilitate the dissociation of hydrogen atoms from water molecules during laser-powder interaction 
which can produce entrapped gas pores upon melt pool solidification that contribute towards melt pool 
spattering [10]. X-Ray Photoelectron Spectroscopy (XPS) is often used to analyse the concentration of 
elemental constituents through beam probing on the surface of powder particles and detect the presence 
of interstitial inclusions. Chemical element identifications are based on the energy peaks recorded 
through the kinetic motion of electrons subjected to irradiated excitation at the surface layers (0-10nm). 
Additionally, moisture analysers can be used to monitor the humidity content of prepared feedstocks as 
shown in a particular study [85] where starting powders were preheated (E.g. 80℃) until a low relative 
humidity level (<0.01%) was reached prior to SLM processing. Based on a thermogravimetric method, 
moisture analysis requires powder samples to be weighed before and after drying at elevated 
temperatures while moisture content is computed based on the weight differences. In conjunction with 
moisture analysers, humidity sensors may be used to ensure stored powders are kept at low moisture 
conditions. It would also be useful to study the surface free energy of powder particles associated with 
surface chemistry changes (E.g. moisture contamination) through techniques including the sessile drop 
method, Inverse gas chromatography (IGC) as well as Atomic force microscopy (AFM) [86]. The 
sessile drop method probes powder particle surfaces using a wetting liquid with known surface tension 
and derives surface free energy of the solid particle using Young’s equation [87]. On the other hand, 
IGC uses a gas displacement strategy conceptually similar to the Brunauer, Emmett and Teller (BET) 
method for powder surface area measurements which will be elaborated further in Section 5.1. Last but 
not least, AFM is a rather expensive tool but has shown to detect presence of stronger adhesion forces 
with increasing relative humidity in pharmaceutical powders [88]. Subsequently, the degree of powder 
cohesion with varying moisture content can also be characterised using various powder flowability 
measurements found in Section 4.5.  
Although the SLM process is often performed under controlled inert conditions (𝑂2<0.15%), oxygen 
pick-ups and inclusions are still unavoidable, especially in chemically reactive powder materials [63]. 
Excessive oxide content can cause degradation in mechanical properties such as embrittlement to 
structural alloys [89]. Besides particle shape irregularity, high amount of surface oxide content has also 
shown to degrade powder flowability [67]. It is therefore appropriate to study the effects of powder 
contamination on parts generated under different feedstock conditions by measuring the change in oxide 
levels between starting and recycled powder. The oxygen content in recycled Ti6Al4V powder was 
found to rise above 50% of its original composition which resulted in a 14% decrease of overall part 
toughness [63]. The reduction in ductility was also accompanied with part porosity increase from 0.17% 
to 0.36% following powder re-usage. However, the degree of oxidation in recycled feedstock was found 
to be less severe in a similar study by Ardila et al. [65] whom observed slight loss of Ni content (52.1 
Wt.% to 51.5 Wt.%) in IN718 powders subjected to oxidation (Refer to Figure 16). It could be due to 
the different powder recycling methodology used where [63] only performed sieving procedures before 
blending it with 5% new powder while [65] carried out an additional drying operation before 
reutilisation. The drying step could have aided residual moisture removal in used powders which was 
also reported to reduce porosity in SLM Al-12Si parts (Refer to Figure 17) caused by oxide and 
hydroxide formation elsewhere [90]. A similar surface conditioning approach was also performed on 
Ti6Al7Nb powder to improve its flowability [91]. Other studies have explored the addition of inhibitors 
to curb oxidation issues during melt pool formation in SLM [31,92,93]. The addition of phosphorus, 
carbon and graphite to iron-based alloys were reported to provide deoxidising effects which helped to 
reduce the surface tension of the melt pool, preventing balling occurrences. Such deoxidising treatments 
could also be integrated to powder recycling solutions and refine the quality of recycled feedstock. 
However, the severity of contamination with compounding build cycles requires further investigation 
especially when interstitial attack is strongly prevalent in highly reactive alloyed powders [94]. 
Furthermore, the risk of powder contamination could also be linked to effects of surface area which 
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depends on the particle size and size distribution, less studied in the literature but should present 
potential impacts on contamination at powder surfaces which will be discussed in Section 5.1. 
 
Figure 16: Difference in Chemical Composition of IN718 Powder between 1st build (left) and 19th build (right) [65] 
 
Figure 17: Dried Al-Si12 powder vs As-received Al-Si12 powder [90] 
4.4 Powder Packing Density 
Powder packing density, also known as fractional density, is a crucial feedstock parameter which 
determines how efficient powder particles are able to arrange themselves with maximum particle-to-
particle contact and minimum voids within the granular network. There are several key factors which 
affect particle packing behaviour including size distribution, morphology, inter-particle forces, surface 
chemistry as well as flowability [95]. Actual powders often do not mirror the close-packed behaviour 
of uniform and equivalent-sized spheres found in face-cubic-centred (FCC) and hexagonal-close-
packed (HCP) systems. Instead, they are loosely arranged in a poly-dispersed manner with a mixture of 
random particle sizes as well as an arbitrary order of interstitial pore distribution, leading to relative 
packing densities (𝑝𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 =
𝑝𝑝𝑜𝑤𝑑𝑒𝑟
𝑝𝑏𝑢𝑙𝑘
) about 40-60% of parent material. Interfacial voids may also arise 
at disconnections between the powder and container interface known as ‘wall effects’ but were said to 
be negligible in SLS and SLM processes since the rough surfaces of solidified layers allow newly coated 
particles to reside into the voids [69]. Furthermore, it is important to note that coating faults can also 
disrupt the local effective packing density of the deposited powder layer prior to laser absorption (Refer 
to Figure 18). Non-uniform packing properties across a powder layer will consequently produce 
inconsistent exposure of powder particles under the irradiation source at different locations which could 
lead to inhomogeneous material coalescence. During solidification, powder layers experience a 
shrinkage along the build direction (Z-axis) in the first few depositions when they are fused to nearly 
full material density (E.g. from 60% to 99%). Increasingly porous powder layers will require a longer 
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transient period (higher number of layer depositions) before reaching a stable effective layer thickness 
(Refer to Figure 19) [58]. Subsequently, a larger amount of porosity in powder layers could induce 
higher shrinkage of melt pools between 21 to 54% according to [96]. Although inaccuracy at the starting 
layers may only disrupt the construction of support structures which will subsequently be removed from 
the actual part, it is important to consider the trailing effect if no support structures were to be employed. 
Following process build-up, powder layers also gradually translate into a powder bed which provides 
support for the forming component and act as a secondary heat sink to prevent thermal defects wherein 
both cases, optimal powder packing behaviour is required [97]. In addition, high powder packing 
density is always desired which increases the part density of formed materials (Refer to Figure 20) [67].  
 
Figure 18: Coating defect in SLM process [96] 
 
Figure 19: Effective powder layer thicknesses of different powder packing density [58] 
 
Figure 20: Average Bed Density Vs Average Sintering Density [67] 
To detect changes in packing density of the powder bed, visual tools such as camera imaging and SEM 
are not entirely suitable due to the lack of resolution to observe particle-scale motion and feasibility 
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issues respectively. Due to the complexity in monitoring powder bed activity, numerical models were 
developed and used to investigate laser-powder interactions and study the dynamic changes of the 
process [14,98]. Process simulations would also require intuitive modelling of the powder bed to obtain 
a stochastic powder packing behaviour that highly resembles commercial feedstock. The Rain model 
[99] and Discrete Element Method (DEM) [100] are some examples used to construct a powder bed 
through random particles’ allocation with the integration of commercial powder attributes including 
particle size, size distribution and packing density. Existing simulation studies for SLM have shown 
that poor powder packing density disrupts melt pool stability where balling effects were said to arise at 
porous sites that can result in defective parts [96,100,101]. Figure 21 also shows the stabilisation of 
melt pool when powder packing density was increased from 38% to 45% which inhibited balling defects 
by forming a continuous melt pool, preventing fluid instabilities (downward flow) caused by 
gravitational forces [100]. 
  
Figure 21: Melting of powder layer with 38% (left) and 45% (right) packing density [100] 
The evaluation of powder bed density could also raise another metrology challenge to researchers as 
different types of measurement techniques were practised across existing studies, resulting in a variety 
of powder bed density (PBD) representations. Tapped and apparent densities used to describe the dense 
and loose random packing of powder particles respectively are obtained from Hall flow, Carney flow, 
Scott flow and Arnold flow techniques but may not provide the best indicators of packing density. 
Recently, NIST researchers developed a suitable cylindrical specimen to perform in-situ PBD 
measurements for PBF processes [102]. The hollow specimen consisted of a shelled interior which 
concurrently collects the coated powder as its exterior structure is being built. The design is believed to 
be an improved version from earlier studies [69,85,103,104] which introduced an enclosed lid to prevent 
powder spillage and was able to detect subtle changes in PBD across the powder bed. Existing studies 
have also compared PBD values obtained from the in-situ method which found to saturate between 
tapped and apparent densities [85,104] While such measurements can be time-consuming and often at 
the expense of powder material as compared to conventional tapped and apparent density evaluations, 
the approach may more accurately portray the packing behaviour of feedstocks used in PBF processes 
since powders are assessed in as-coated conditions rather than pre-deposition states. Additional efforts 
should however be paid on applicability of the measurement technique for powders with different 
atomised natures [104]. Meanwhile, other metal AM processes such as DED may still rely on 
conventional methods in the absence of a coated powder bed and employ the tap density method which 
is believed to mimicking feedstock delivery from a vibrating hopper [105]. Furthermore, intricate 
measurements may be obtained at single powder layers but demands greater effort since powder sizes 
typically used in laser consolidation processes are comparable with the layer deposition thickness 
(micro-scale) used to contain those particles. Extensive design of experiment studies are also required 
Molten pool 
break-up 
Continuous 
Molten pool 
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to study the evolution of powder packing behaviour from a single powder layer to multiple layers as 
well as the overall powder bed together with the effects on part forming at different powder scales.  
4.5 Powder Flowability 
Good powder flowability is essential in SLM processes as granular feedstock needs to be smoothly 
coated across the build area and create a homogenous powder layer prior to laser consolidation. Powders 
with high cohesiveness would induce difficulty during powder spreading and generate inhomogeneous 
regions which subsequently affect its packing density, thermal and optical properties [62]. Powder 
cohesivity is dependent on its inter-particle forces (𝐹𝑖) and particle weight (mg) according to the 
granular bond ratio (𝐵𝑁 =  𝐹𝑖 mg⁄ ) previously defined by [106]. Fine powders (high 𝐵𝑁) will generally 
possess a higher tendency towards cohesion and agglomeration due to stronger inter-particle attractive 
forces (E.g. Van der Waals) as compared to coarse powders (low 𝐵𝑁) [107,108]. Nevertheless, they are 
still largely utilised in SLM systems since small layer thicknesses (E.g. 30µm for SS 316L parts) are 
usually recommended in process windows to achieve optimum results and produce higher resolution 
parts [57,58,109].  
By far, simple flow measurements such as Hausner Ratio (HR) and Angle of Repose (AOR) are widely 
used to determine the rheological behaviour of AM powders. The Hausner Ratio (𝐻𝑅 = 𝑃𝑇 𝑃𝐴⁄ ) is 
computed using tapped (𝑃𝑇) and apparent (𝑃𝐴) density values obtained through a graduated cylinder 
according to ASTM D7481 [110]. It is a density dependent measure where 𝐻𝑅 >1.40 represents poor 
flowability while 𝐻𝑅 ≤1.25 describes a less cohesive and more free-flowing characteristic [111]. On 
the other hand, the angle of repose (AOR) utilises a Hall flowmeter described in ASTM B213 [112] 
which measures the angular difference between the slope of the accumulated powder heap and the base 
plate where a low angle or shorter discharge period depicts better flowability. Typically, powders which 
exhibit AOR values less than 30º represent good flowability while presence of powder cohesion occurs 
above 40º [113]. However, HR and AOR measurements may not solely adequately portray the flow 
behaviour of feedstock used in SLM systems and would require additional dynamic flow measurements 
to fully describe the rheological performance of powders distributed by a coater/feeder device [107]. 
Recently, a powder revolution analyser technique which measures the dynamic state of powders was 
studied by [62] and was said to be analogous to the delivery conditions in SLM systems. It consists of 
a rotating drum that illustrates powder motion under repeated roller depositions while powder images 
are simultaneously captured over multiple revolutions (Refer to Figure 22). In the study, Gaussian 
powders which exhibited good flow tend to possess low avalanche angles between 49~54° and a surface 
fractal value of ~5.0. Other rheology diagnosis tools include Ring Shear Cell [114] and Freeman FT4 
Rheometer [115] which measures powder flow under torque and axial loading conditions. The 
rheometer is a much preferred method for evaluating powder rheology in SLM applications since flow 
measurements are conducted under relatively lower stress states similar to powder feeding as compared 
to ring shear testing which is more applicable to hoppers [116]. The technique measures Basic Flow 
Energy (BFE) and Specific Energy (SE) of powders which quantifies the flow resistance during 
constrained and unconstrained circumstances. It was also used by a commercial powder manufacturer 
to compare the rheological performance between new and recycled feedstock [61]. Results from the 
study are reproduced in Figure 23 where the flowability of used powder was observed to deteriorate 
after a build cycle with >33% increase in Basic Flow Energy (BFE) over the original condition due to 
possible agglomeration or pre-sintering effects. In order to reutilise used powder, new powder was 
blended to form a mixture which improved powder flowability closer to the virgin state. The decrease 
in flowability of recycled powders is also tied to the effects of powder size distribution coarsening 
mentioned in Section 4.2, where the occurrence of pre-sintering formed irregularly shaped powder 
clusters which increased particle size as well as induced flowability reductions. While powder 
flowability is clearly affected by its morphology, the review will focus on the influence of powder size 
distribution on rheological properties as further discussed in section 5.1. 
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Figure 22: Illustration of Revolution powder analyser [62] 
 
Figure 23: Flow energy of different powder conditions [61] 
4.6 Powder Thermal Properties 
SLM is a thermo-mechanical process which involves intensive interactions between laser source and 
powder bed as well as the complex heat transfer activity during part forming. Hence, powder thermal 
properties such as absorptivity and conductivity are crucial parameters which affect laser absorption, 
melt formation and other heat transfer related mechanisms in the process [117]. As compared to bulk 
solids, a cluster of powder particles has relatively higher absorptivity due to the inter-particle voids 
within loose arrangements which promote penetration of the irradiation source into the powder bed 
under a multiple scattering effect [29]. In other words, when a high energy laser strikes the coated 
powder layer, portions of the beam are divided into a spatial distribution comprising of 
forward/backward scattering, transmission and reflectance besides thermal absorption at the surface 
[118]. The magnitude of beam penetration through the powder bed is also termed as the Optical 
Penetration Depth (OPD) where laser intensity declines to 1 𝑒⁄  (~37%) from the incident value 
[119,120]. While OPD only provides a qualitative measure, some studies have tried to determine the 
thermal absorptivity of powders with the aid of an integrating sphere [121,122]. It has been shown 
previously that metallic powders absorbed better under the Nd-YAG laser with a smaller wavelength 
(𝜆 = 1.06𝜇m) as compared to the 𝐶𝑂2 laser (𝜆 = 10.6𝜇m) which favoured non-metals [122]. However, 
such thermal absorptivity measurements were mostly complicated and expensive to replicate. 
Meanwhile, laser absorption simulations such as the Ray tracing model may help to predict the 
absorption behaviour of various powders processed under SLM but were still unable to provide accurate 
measurements for powder materials with high particle surface roughness and oxidised skins [123–125]. 
For validation purposes, a simple calorimetry method was recently proposed by [126] to carry out direct 
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absorptivity measurements on powder deposited in a similar manner to SLM systems with the 
consideration of other heat transfer effects. Powder thermal absorptivity was determined based on 
temperature changes over a powder-coated disk with known dimensions, under a uniform exposure of 
1µm laser irradiation (Refer to Figure 24). The measured absorptivity results found good agreement 
with the Ray tracing model for stainless steel 316L feedstock while it was observed to be 15% higher 
than the predicted value when probing highly reactive powders due to the presence of surface oxides.  
 
Figure 24: Illustration of Calorimetry technique [14] 
In contrast to thermal absorptivity, thermal conductivity is significantly reduced in powders compared 
to their bulk forms since porosity limits the number of particle contacts in the powder bed. Hence, the 
effective thermal conductivity of powder particles is mostly controlled by the gaseous medium among 
the voids which varies with granulometry and packing density while less influenced by material thermal 
attributes. With regards to metrology, existing studies have gathered a series of techniques previously 
used for measuring the thermal conductivity of bulk materials which are also applicable to AM powders 
[20,127]. The available methods can be classified into (i) steady state: guarded hot plate, cylindrical, 
spherical and ellipsoidal and (ii) transient state: hot wire, thermal probe, hot strip and flash method 
which mostly involve contact temperature sensing and conductivity computations using heat transfer 
theory. The flash method also seemed to be analogous to the calorimetry method used for thermal 
absorptivity measurements which detect temperature changes under high energy light exposure 
[128,129]. In addition, researchers have develop several numerical models to simulate the heat transfer 
mechanisms during the SLM process in order to predict melt pool formulation as well as part 
consolidation which require the input of powder thermal properties [14,119,124,130]. As such, the 
Finite Element Method (FEM) is commonly used to study the physical changes during laser interaction 
and to develop different approaches for process optimization and part failure prediction such as 
distortion, porosity and thermal stresses. Other techniques including Lattice Boltzmann (LBM) and 
Finite Volume Method (FVM) were more focused on powder particle evolution of the powder bed, 
taking into account the melt pool hydrodynamics during laser irradiation [131]. Altogether, these 
simulation models demand accurate powder granulometry and morphology information to generate 
actual particle arrangement and modelling of initial powder packing while the understanding of powder 
size distribution influence on thermal properties can help to build on more robust simulations for PBF 
processes. 
5.1 Effects of Powder Granulometry on Feedstock Performance 
Based on the various powder characteristics addressed, morphology and granulometry are considered 
primary attributes that could affect secondary powder parameters, which jointly depict the feedstock 
behaviour. While studies have highlighted the clear advantages of utilising highly spherical powder 
particles during SLM processing, there is no optimum powder size distribution model to quantify 
feedstock quality in terms of size or composition ratio between coarse and fine particles. Hence, the 
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following sections will discuss on the influence of powder granulometry on powder performance as 
well as explore inter-relationships among powder characteristics. 
Surface Area 
The effects of powder granulometry on oxide contamination could be evaluated based on the particle 
size and amount of coarse and fine particle composition found in various powder grades. In other words, 
multimodal or skewed powders may tend to contain higher concentration of fine particles and exhibit 
larger net surface area as compared to Gaussian distributed grades. Also assuming that majority of the 
powder particles are highly spherical with uniformly distributed interstitial films encapsulating such 
particles, the specific surface (
A
V
) can be simply derived using the sphere formula (Surface Area, A =
4πr2) 𝑎𝑛𝑑 (Volume, V =  
4
3
πr3) where the radius, 𝑟 represents the mean particle size. Technically, the 
degree of contamination should increase with reducing mean powder size due to surface area 
enlargement [132]. This is shown in Figure 25 where an increase in specific surface with decreasing 
particle size (D90) was observed for different metallic powders used in SLM. In this context, oxidation 
could occur more rapidly in fine powders having higher specific surface values as compared to coarser 
sized grades.  
Another method used to measure powder surface area refers to the Brunauer, Emmett and Teller (BET) 
analysis which determine the amount of physical adsorption on particle surfaces via the displacement 
of adsorbate gas allowing the total surface area of a powder mass to be evaluated [16]. In Simchi’s study 
[133], the BET technique was used to compare the surface area of GA and WA iron powders of various 
mean particle sizes used for direct metal laser sintering (DMLS) where powder A (MPS = 13.4µm) 
which contained the smallest particles was observed to possess the highest surface area ( 𝑆𝑎  = 
4202𝑚2 𝑔⁄ ) among the powder grades as shown in Table 2. The amount of oxygen content found in the 
GA powder was fairly high (O = 0.12%), which was unusual given its atomisation nature. The oxide 
content in GA powder could suggest an increase in surface area caused by the refinement of particle 
size, leading to higher oxygen inclusions. Additionally, the highest oxygen content found in powder B 
could highlight compounded effects of high oxide inclusions due to WA and reducing mean particle 
size. Meanwhile, previous studies [71,133] had highlighted that the enlargement of surface area 
following the use of finer sized particles was particularly favourable to part densification by increasing 
laser absorption. However, the risks of powder contamination may also increase which lead to 
processing issues (E.g. Balling) and is expected to be more pronounced when synthesizing highly 
reactive alloys. Oxide films surrounding powder particles also exhibit melting points much higher than 
the parent metal which are difficult to break down without the aid of higher energy density levels. Even 
if successfully melted, some of the undissolved oxide compounds could substantially raise laser 
absorptivity [124] and increase melt pool temperature, possibly creating larger gradients that may 
further lead to higher residual stresses accumulated in the solidified part. However, more studies are 
required to perform surface area analysis for AM feedstock in order to establish a conclusive 
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relationship between different size distribution models and surface area data as well as correlate with 
oxygen content measured to quantify the effects on powder contamination. 
 
 
Figure 25: Powder size (D90) vs Specific surface [117] 
Table 2: Characteristics of Fe powders [133] 
 
Powder 
 
Atomization 
Type 
 
Oxygen 
Content (%)  
 
Mean Particle 
Size (µm) 
 
Surface area (𝒎𝟐/
𝒈) 
     
A Gas 0.12 13.4 4202 
B Water 0.59 29.2 2670 
C Water 0.11 42.6 2819 
D Water 0.07 51.3 2886 
E Water 0.07 69.4 2190 
F Water 0.07 106.4 1143 
G Water 0.07 174.5 1976 
 
Packing Density 
Generally, powder grades with a wide size distribution and adequate amounts of fine particles present 
in its distribution array will tend to exhibit high packing densities. In powder metallurgy, powder size 
distribution was believed to pose the greatest influence among other characteristics on the packing 
behaviour of powdered materials [134]. A few empirical models were also developed in the past to 
study powder packing configurations relative to particle size distribution [135–138]. The studies 
illustrated different methodologies used to optimise powder packing density for two main types of size 
distributions: (1) Continuous (Gaussian) and (2) Discontinuous (Multimodal). A fundamental concept 
was shared across the studies where packing efficiency was mainly improved through the reduction of 
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
10 15 20 25 30 35
Sp
e
ci
fi
c 
Su
rf
ac
e
 (
µ
m
^−
1
)
D90 (µm)
Co212-F
IN625
904L
316L
H13
CuNi10
24 
 
void interstices in a coarse powder matrix by adding finer sized particles comparable to the pores found 
in the loose granular network. The Andersen’s Equation focused on improving the powder packing 
density of Gaussian size distributions by incorporating fine particles of infinite size to fill up random 
vacancies among coarser particles [138]. However, the numerical approach may not be feasible for 
SLM powders since particles below 10µm will have to be used, thus creating powder handling issues. 
Nevertheless, it was proven that powders with a wide size distribution exhibited better packing 
behaviour over narrow size distributed ones where the inclusion of fine particles extended the size 
distribution width with predicted optimal packing densities peaking at 96% [139]. Additionally, a 
widened size distribution also increases its standard deviation which has shown to decrease void sizes 
and reduced the overall packing porosity [140]. For powders used in SLM processing, a similar 
granulometry influence on packing density could be observed where Liu et al. [85] reported that 
powders having a skewed size distribution (Osprey) contained higher amount of fine particles (0 - 45µm) 
(as shown in Figure 26) also exhibited higher apparent, powder bed and tapped densities of more than 
4% as compared to a typical Gaussian distributed grade (10 - 45µm). The tapped densities of Ni alloy 
powders reported in Engeli et al.’s study [78] were also higher with increasing size distribution spans 
(Refer to Figure 27). The difference in density values was however, less significant among powders 
with comparable span values while saturation of tapped densities may be observed in powders with 
distribution spans ≥1.5. 
 
Figure 26: Powder characteristics of LPW and SO powder [85] 
Powder Apparent 
Density 
(g/ml) 
Bed 
Density 
(g/ml) 
Tapped 
Density 
(g/ml) 
Osprey 4.54 5.31 5.54 
LPW 4.33 4.88 5.03 
 
Fine particles 
(<10µm) 
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Figure 27: Powder Distribution Span Vs Tapped Density [78] 
The Furnas Model [136] is another approach used to enhance powder packing density through adding 
fine particles of discrete diameters and effectively percolate through known void sizes in a coarse 
powder matrix, generating a multimodal size distribution with secondary or tertiary peaks. As shown 
theoretically, the packing density of mono-sized powder in an orthorhombic arrangement can be 
increased from 74% to 84% (Refer to Table 3) following the addition of fine particles equivalent to the 
size of its inter-particle voids [141]. A third component addition can also further expend the remaining 
voids to reach a higher packing density of 95.7% [142]. Although actual powders hardly arrange in an 
ideal manner, the same packing densification technique can be employed through the combination of 
coarse and fine powder grades with narrow size distributions to achieve an optimum composition and 
size ratio which exhibits maximum packing density (Refer to Figure 28). The size ratio between coarse 
and fine particles is also usually determined based on the existing void size and morphology of the base 
powder while the quantity of fine particles to be added depends on the apparent densities of the 
respective powders. It was also shown earlier that effective packing density improvement commences 
at a coarse to fine size ratio of 1:7 where fine particles were able to percolate through triangular pores 
in the coarse matrix [141]. 30% of fine powder was added to the coarse base and the maximum 
achievable packing density was 84%. The bimodal approach was later adopted by [69] to improve the 
packing density of DMLS Ni powders. Using a size ratio of 10:1, powder layer density was reported to 
increase from 53% to >60% following the addition of 30% fine particles. Zhu et al. [142] also reported 
that the apparent density of Cu alloy powder was enhanced from 76.9% to 87.6% when the amount of 
fine binder particles increased by 10%. Olakanmi et al. [105] studied multimodal blends of Al powder 
where a tri-modal grade containing coarse, medium and fine particles with size ratio of 5:2:1 and 
75:20:5wt% composition ratio showed a slight increase in tapped density (~3%) over bimodal grades 
following the inclusion of fine particles (10 - 14µm). Based on the literature, addition of fine particles 
was found to be influential in modifying powder packing density which could either skew a Gaussian 
distribution or generate a multimodal distribution wherein both approaches result in the extension of 
size distribution widths. Additionally, the multimodal approach may offer a more straightforward 
solution to improve packing behaviour as void sizes are typically predetermined as compared to a 
random distribution of unknown voids. However, it is challenging to define a standard size distribution 
which provides the optimum packing behaviour despite existing methods shown to enhance powder 
packing density through fine particles inclusion since powder flowability will also be concurrently 
affected which will be discussed in the next sub-section. 
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Table 3: Packing arrangement and density of different distribution models [142] 
Type of 
Distribution 
Model 
 
Unimodal 
 
Bi-modal 
 
Tri-modal 
Particle 
packing 
arrangement 
   
Packing 
Density 
Achievable 
 
74% 
 
84% 
 
95.7% 
 
 
Figure 28: Particle size composition vs Packing density [143] 
Flowability 
As the aforementioned, blending of fine particles with coarse powder can provide beneficial effects 
towards improving powder packing density through effective size mixing and percolation. However, 
the incorporation of fine particles, on the other hand, could introduce certain drawbacks on flowability 
due to increased powder cohesion and inter-particle forces. Particle adhesion forces including Van der 
Waals attraction is typically more inherent to fine particles where agglomeration starts to form easily, 
increasing inter-particle friction which constitutes to poor rheological behaviour. Powder particles 
below the size of 30µm would also more likely experience agglomeration problems, as shown in [133] 
where the agglomeration factor (𝜑 = Powder bed density/tapped density) was less than 1 (𝜑 ≈ 0.80) in 
iron carbonyl powder grades with mean particle sizes <30µm which indicated the presence of 
agglomeration. As illustrated in Figure  29, powder flowability becomes more restricted with decreasing 
particle size [54]. The resulting agglomeration effects could also be detrimental to powder apparent 
density since fine particles would mostly adhere with each other, forming irregularly shaped powder 
clusters instead of filling up the inter-particle voids within the coarse matrix.  
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By comparing the flow behaviours of different powder size distributions, wider size distributed grade 
would experience flow degradation over a narrower grade with HR of 1.22 and 1.16 respectively as 
shown in Figure 26. While both powders were still considered free-flowing, a wider size distribution 
width may have led to a reduced rheological performance as reflected on the ~5% decrease in HR. 
Similar observations were found in Engeli et al.’s work [78] where powders with larger size distribution 
spans induced reductions in flowability. Figure 30 was replotted from the study which showed powder 
distribution spans ≤1.5 exhibited good flow (𝐻𝑅 ≤1.25) while spans >1.5 displayed signs of flow 
resistance (𝐻𝑅 ≈1.26-1.32). In particular, most powders with distribution spans above 1.5 (except 
Powder D) contained at least 15% of particles that were smaller than 10µm which may emphasize on 
the reduced flowability effects due to fine particles presence. In another study by Gu et al. [103], a 
bimodal Ti6Al4V powder containing higher amount of fine particles exhibited higher flow resistance 
(AOR = 55.2º) as compared to Gaussian grades (AOR = 40.1º and 31.8º) measured using AOR method. 
The wider distributed Gaussian powder with larger standard deviation (SD=10.18µm) behaved more 
cohesively than the narrower grade (SD=8.71µm) which could reiterate on the influence of distribution 
widths on rheological behaviour. Despite having an intermediate standard deviation (SD=9.7µm), the 
bimodal grade displayed the least flowability which could further suggest a more detrimental influence 
on powder rheology when containing excessive amount of fine particles (Multimodal) as compared to 
increasing powder spans (Gaussian). Hence, the addition of fine particles should be proportionated 
between achieving maximum packing density and flowability to optimise powder performance. 
Additionally, other factors which result in flow deterioration should also be considered including 
surface area enlargement due to particle size refinement, irregular particle morphology and poor surface 
conditions (E.g. moisture, rough oxide skins). It would also be a huge challenge for the SLM process if 
further process layer thickness reductions were to be made for achieving better part precision, since 
particles finer than (𝐷10<10µm) may be required to generate suitable powder layer densities based on 
Karapatis et al.’s size criteria [69].  
 
Figure 29: Powder size vs Apparent Density (left) and Hall Flow (right) [54] 
Decreasing 
particle size 
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Figure 30: Distribution Span vs Hausner Ratio (Redrawn from [78]) 
Thermal Properties 
Relative to powder granulometry, the resulting packing density and local particle arrangement under 
the laser beam would greatly affect thermal interaction between the irradiated source and deposited 
feedstock. In other words, the degree of laser absorption varies with the number of particles exposed 
under the irradiated beam area where higher thermal absorptivity is achieved when powder packing 
density increases, involving greater surface reflections within a closely packed cluster of particles. 
Using the ray tracing model, Boley et al. [124] observed higher average laser absorptivity in a bimodal 
powder grade with size ratio 7:1 and 20% fine particles content as compared to a Gaussian distributed 
powder with mean particle size of 27µm (refer to Figure 31). The higher concentration of fine powder 
in the bimodal configuration increased the number of particles’ presence under beam coverage which 
was associated with the higher probability of particle surfaces being irradiated, thus increasing laser 
absorption. In a separate study, the increase in laser energy absorption could also be due to the 
refinement of powder mean particle size which allowed the enlargement of powder surface area exposed 
to the irradiation source according to [133]. However, thermal absorptivity values often fluctuate over 
different points along the powder bed due to the arbitrary dispersion behaviour of actual powders which 
constitutes to variations in local particle packing exposed to the laser source. In addition to thermal 
absorption pattern analysis, OPD could help to further understand the effects of powder granulometry 
on thermal interaction, where the amount of unabsorbed irradiation energy which is reflected off powder 
surfaces and transmitted further into underlying particles and/or substrate through multiple scattering 
can be evaluated. Earlier, Fischer et al. [29] observed a ten-fold difference in OPD (20µm vs 200µm) 
between Ni powder grades with particle sizes <20µm and 50-75µm respectively. Since the depth of 
beam infiltration associated with OPD is dependent on the packing density and size distribution, a 
powder bed with high packing density would generally allow lesser irradiation beam to permeate 
through which then exhibit a smaller OPD with increased thermal absorptivity as compared to a porous 
configuration. Zhang et al. [22] also reported that the melting of fine Fe powder (<20µm) obtained a 
higher solidified melt track height as compared to a coarser sized powder (20µm< d <42µm). The higher 
apparent density of the finer sized powder reduced laser transmissivity (low OPD) and achieved greater 
melt pool volume as compared to the coarser grade. OPD also provided a measure of process layer 
thickness required where fine particle sizes with high packing densities generally require thinner layers 
to generate a sufficient melt pool volume [118]. Based on the reported studies, it could suggest that 
powders with high packing density would allow more irradiated source to be absorbed effectively at the 
deposited layer and minimise beam transmission reaching the underlying substrate. 
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Figure 31: Thermal absorptivity Comparison between Bimodal and Gaussian powder [124] 
Powder particles are typically arranged at point contacts with each other within a powder bed while the 
inter-particle gaps are often filled with the inert atmospheric medium which are poor conductors of heat. 
Hence, the ability for a powder bed to effectively conduct heat away from the melt pool and through 
the surrounding particles during the SLM process is mainly dependent on the packing configuration 
under the influence of its size distribution instead of the bulk thermal conductivity of material. It was 
shown in [144] that a higher relative packing density increases the thermal conductivity of metallic 
powders (refer to Figure 32). Accordingly, high coordination number and increased powder particle 
contacts can also correspond to a larger degree of heat transfer. This was demonstrated by Gusarov et 
al. [145] where mono-sized spheres with the densest packing configuration (FCC) and highest 
coordination number (N = 12), obtained the highest thermal conductivity as compared to other crystal 
structures (BCC, SC and Diamond). Particle packing models were also simulated by Zhou et al. [146] 
whom reported that a bi-modal powder configuration exhibited two distinct coordination numbers 
which corresponded to the individual particle contacts of coarse and fine powder respectively (Refer to 
Figure 33). The bimodal mixture consisted of fine particles with a lower coordination number (N = 4) 
and coarser particles (N = 8) while a mono-sized powder displayed only a single coordination number 
(N = 6). Despite this discontinuous trend of particle contacts observed in multimodal powders, the 
thermal conductivity of bi-modal Ti6Al4V powder was still 40% higher than the Gaussian powder 
grades as reported by Gu et al. [103]. With respect to earlier studies, the inclusion of fine particles in 
the bi-modal powder could provide better packing performance, but its effectiveness on improving 
thermal conductivity due to increased packing density or higher coordination number/particle contacts 
remains unclear, requiring more detailed thermal conductivity measurements of powder grades with 
different granulometry data. Such thermal conductivity values would be useful for future laser-powder 
bed numerical simulations and heat transfer models in achieving better powder to part quality 
predictions.  
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Figure 32: Relative powder density vs Thermal Conductivity Ratio [144] 
 
Figure 33: Particle fraction vs Coordination number [146] 
5.2 Effects of Powder Granulometry on Part Performance 
The potential influence of powder granulometry on the various part characteristics including density, 
mechanical properties, microstructure and surface quality will be discussed in the following sections. 
Part Density 
Part density is a primary quality metric which determines the usability of components manufactured via 
additive means including SLM. Apart from applications which require porous materials, SLM 
components are otherwise preferred to achieve high part density (>95%) as residual porosity often result 
in the degradation of mechanical properties and overall part performance [147]. Porosity defects are 
commonly found in SLM parts as consequences of powder related faults and unsuitable processing 
parameters used which lead to shrinkage, balling and vaporisation effects [9]. Additionally, secondary 
powder characteristics such as high oxide content in chemical composition and poor packing density 
are known to cause adverse effects on part densification. However, the primary influence of powder 
granulometry on final part densities was less discussed in the literature but could present potential 
effects of part densification related to size distribution.  
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Spierings et al. [58] reported that part density produced by 316L powders with different size attributes 
was strongly tied to the process windows used. A Gaussian grade with the finest granulometry 
(D90=30.8µm) obtained the best part densities across all energy density levels and layer thicknesses 
(30µm and 45µm) used. Presence of fine particles (<10-15µm) in the coarsest negatively skewed 
powder (D90=59.7µm) also generated better part densities than an intermediately sized Gaussian grade 
(D90=41.3µm) at layer thickness of 30µm and low energy density range of 35 – 60J/𝑚𝑚
3. However, 
the increase in layer thickness to 45µm showed that the finer sized powder produced denser parts since 
more complete melting was achieved as compared to the coarser skewed grade. Accordingly, the higher 
concentration of fine particles in the skewed powder facilitated more pronounced melting at 30µm layer 
while the effect was later diminished at 45µm layers (effective layer thickness = ~74µm) where 
preferential melting occurred, based on the overall powder size. Essentially, the use of powders with 
fine granulometry could provide better densification of parts than coarse grades by means of achieving 
the complete melting of particles. Liu et al. [85] compared 316L grades with different distribution 
widths and reported better part densification results in the wider distributed powder (SO) at scan 
rates >150mm/s while the narrower grade (LPW) performed better at a slower scan speed (100mm/s) 
(Refer to Figure 34). It could suggest the higher tendency for finer particles to vaporise at low speed 
and high energy density conditions which likely initiated keyhole melting and induced porosity upon 
solidification. In addition, coarse powder grades may be less affected with increasing energy density 
since larger particles would require longer periods to achieve complete melting which reduced the 
probability of material vaporisation. As the scan speed was raised to 150mm/s and above, the SO 
powder generated higher density parts than LPW which could suggest the beneficial effects of fine 
particles in promoting rapid melting without vaporisation occurrence. Gu et al. [103] compared the part 
densification effects between Gaussian and multimodal Ti6Al4V grades which revealed higher porosity 
in Gaussian Ti6Al4V powders over a bimodal grade. The higher thermal conductivity of bimodal 
grades was said to generate a wider melt pool which permitted more melt overlaps, thus preventing the 
formation of pores between adjacent tracks. Besides, the more efficient powder packing behaviour of 
multimodal powders could have contributed to higher part densification according to [105]. Based on 
these studies, the usage of fine granulometry powders would generally require lower energy densities 
to achieve the complete melting of particles as compared to coarser grades. Moreover, the inclusion of 
fine particles aid in part densification associated with powder packing density enhancement but requires 
complementation with process parameters in order to achieve optimum results. Meanwhile, further 
studies are required to validate the size and composition of fine particles allowable before powder 
vaporisation occurs which could draw relations to the packing density as well as thermal absorptivity 
of the powder. 
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Figure 34: Part Density of commercial 316L powder at different scan speeds [85] 
Mechanical Properties 
A key initiative of metal additive manufacturing adoption is to produce structural components with 
superior performance as compared to traditional machining or casting methods. The mechanical 
properties of metal AM components are therefore expected to be equivalent if not, surpassing parts 
fabricated by conventional techniques in addition to design flexibility and material efficiency benefits. 
In essence, SLM parts are often produced with high tensile strength and better hardness but present 
lower ductility and decreased fatigue performance as compared to wrought products [148–150]. 
Anisotropic behaviour also exists in SLM parts where part mechanical properties are dependent on the 
build orientation, scan strategy as well as part layout [151–153]. The influence of process variables on 
mechanical properties including laser power, scan speed, layer thickness and hatch spacing were also 
extensively studied and well documented in the literature [154–156]. With regards to powder 
characteristics, oxide and other non-metallic inclusions in the material composition are known to 
segregate at molten pool boundaries which solidify as grain boundaries and affect the mechanical 
properties [152]. However, the influence of powder granulometry on mechanical properties is not well 
understood and may have potential contributions related to part porosity.  
Spierings et al. [79] reported that a coarser granulometry powder could contribute to larger void sizes 
in fabricated parts as compared to finer powder grades. Despite exhibiting a negatively skewed feature 
(presence of fine particles), the coarsest powder grade produced parts with relatively lower mechanical 
strength in which there could be insufficient amount of fine particles to effectively fill up large voids 
among the coarse powder matrix. The enlarged pore sizes act as crack initiators during tensile loading 
and result in lower ultimate tensile strength (UTS) of SLM 316L parts produced by coarser grades. On 
the other hand, fine granulometry showed lower ductility which could be due to higher laser absorption 
under a larger surface area which extended the degree of undercooling, leading to a finer microstructure 
and higher tensile strength. In another work, Liu et al. [85] used two different 316L grades with 
comparable mean sizes where the wider size distributed powder (negatively skewed) produced parts 
with lower strength and higher elongation as compared to the narrower grade. In contrast to Spierings 
et al. [79], the presence of fine particles may have induced quicker melting and prolong melt pool life, 
producing coarser grain structures which reduced mechanical strength. Meanwhile, parts produced by 
bimodal Ti64V powder showed slightly higher UTS and lower yield strength over Gaussian grades as 
reported by Gu et al. [103]. Due to contradictory reports, more experimental validation studies and 
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microstructural evaluation are required to quantify the degree of powder granulometry influence on 
mechanical properties particularly on the size and composition of fine particles to be used. 
Microstructure 
Metallic components fabricated via the SLM process often display microscopic characteristics different 
from traditional casting techniques in terms of grain size, growth morphology and phase formation due 
to the rapid heating and freezing cycles [157]. The extreme cooling rates (103 to 108 K/s) typically 
yield relatively finer grains (<1µm) as compared to conventional solidification methods and may also 
allow the nucleation of metastable phases which deviates from equilibrium conditions. Growth patterns 
of solidifying grains depend strongly on thermal gradients of the melt pool where planar solidification 
usually takes place at the interface between melt pool and substrate before evolving to cellular and 
dendritic structures. Under narrow solidification windows, the diffusion process is often limited which 
rarely allow the occurrence of second phase precipitation or structure segregation while refined primary 
and secondary grain features are typically obtained, providing remarkable mechanical strength for SLM 
parts [13]. Grain sizes in SLM parts are also controllable through the modification of process settings 
where faster scan speeds and lower resulting energy densities were shown to produce finer 
microstructures [28,45]. The increase in scan velocity was said to provide a larger degree of 
undercooling at the melt pool which resulted in quicker solidification rates and grain growth inhibition. 
In terms of feedstock influence on part microstructure, chemical composition of starting powders were 
reported to affect the formation of micro-constituent phases [3,82]. It was shown by Starr et al. [82] that 
parts manufactured using 17-4 PH SS powder produced via nitrogen gas atomisation contained a mostly 
austenite structure (>96%) while an argon atomised powder achieved a more martensitic structure 
(~76%) even though both powders were processed under the same SLM environment. The higher 
content of residual nitrogen in the starting powder was believed to enable austenite retention and 
stabilised the FCC phase instead of transforming to martensitic structures. On the other hand, increasing 
oxygen concentrations were reported to reduce grain sizes in Fe parts by Simchi [133]. Due to the 
presence of oxide films, it could have increased the amount of laser absorption and induced a steeper 
thermal gradient which generates a larger degree of undercooling for more rapid solidification to occur. 
Since process cooling rates have strong affinity to the thermal interaction between laser and powder, 
thermal properties relative to its packing density as well as powder granulometry could also impose 
some influence on part microstructure. Averyanova et al. [158] compared the microstructure of PH 17-
4 parts produced from two GA Gaussian powders with different powder sizes ( 𝐷90 <16µm and 
𝐷90<25µm) where the finer powder generated higher concentrations of martensitic phase (38%) as 
compared to the coarser grade (6%). Another study by Olakanmi et al. [105], reported that the bimodal 
Al-Si powder which exhibited the highest tapped density, also achieved the most refined dendritic 
feature among other bimodal blends. Both studies could suggest that fine particles may allow higher 
heat conduction away from the melt pool and faster quenching ability associated with the finer 
microstructure results. However, more refined particle sizes (<14µm) found in tri-modal Al-Si blends 
could induce extended melt pool life which facilitates grain growth as compared to bimodal powders 
(<30µm). Nevertheless, further investigations are required as other powder variation studies showed 
limited evidence on microstructural changes including [103] whom reported similar grain growth and 
constituent phases across bimodal and Gaussian Ti6Al4V powders. Ardila et al. [65] also observed 
comparable growth behaviour of columnar grains with dendritic structures aligned to the build direction 
(Z-axis) in new and recycled IN718 powder batches despite a difference in granulometry. By comparing 
the type of materials used in the mentioned studies [65,103,105], subtle changes in cooling rates which 
affect the microstructure could be more observable in better conductivity materials (Al alloy) as 
compared to other materials (Ti and Ni alloys). Overall, the primary influence of granulometry on 
microstructural changes is still limited with no direct correlations although possible links between 
powder thermal properties and the resulting microstructural size could be realised with regards to the 
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variation of powder size distribution and packing density that affects heat transfer rates during the SLM 
process. 
Surface Quality 
Surface roughness is an essential indicator which determines the build quality of AM components 
especially for cyclic applications that require excellent surface quality (Ra = ~0.8µm) in order to prevent 
premature fatigue failures [159]. While the average surface roughness of as-built SLM parts (Ra = 8.75 
m) [4] is typically better than other metal AM techniques, it is still an underlying challenge to achieve 
machine-finished surface quality without additional operations such as polishing, shot peening or 
abrasion. In-situ, the Laser surface re-melting (LSR) technique is used to refine rough contours at the 
periphery layers through the redistribution of melt pool to evenly fill up voids and improve surface 
quality (Ra=1.5 m) [109]. However, the re-melting strategy remains a costly and time-consuming 
procedure since every layer must be re-scanned to produce highly dense and surface enhanced parts. 
Most AM built structures also exhibit a stair-step appearance due to the layer-by-layer forming nature 
which approximates contours of produced components especially for features built at low sloping angles 
(5-15º) from the substrate. Meanwhile, steeper profiles (>20º) minimise gaps between stair-step 
intervals but contribute to surface roughness by increasing the number of partially melted particles 
residing at slanted edges [160]. In addition, the top surface roughness (perpendicular to build direction) 
is mainly created by rippling motions of the melt pool while side surface roughness (parallel to the build 
direction) is the likely outcome of segregated melt drawn to the layer edges under Marangoni convection 
and surface tension effects [161]. Subsequently, geometrical characteristics of the solidifying melt pool 
would play a strong role in determining the surface roughness of each finished layer during part build-
up. In fact, the most common surface defect also known as balling phenomenon is a result of melt pool 
breakages under high scanning speeds which generate discontinuous surfaces that obstruct coater 
movement and initiate porosity through non-uniform powder deposition [13,40]. Surface quality 
degradation due to balling is also more prevalent at the side roughness following the residing motion of 
the melt pool. On the other hand, large melt pools produced by low scan velocities and/or high laser 
power could also generate rough layer surfaces upon solidification and induce balling [162]. Adequate 
laser energy input should be used to flatten the melt pool under recoil pressure and obtain smoother 
surfaces [29,161]. Layer thickness reductions can also minimise the stair-stepping effect by reducing 
stair widths but usually demand longer build times as more number of layers needs to be formed 
[160,163,164]. Narrower hatch distances also improve surface roughness of parts which facilitate melt 
overlaps between adjacent tracks [26,162]. Most of these effects were related to the energy density used 
in the SLM process where researchers have developed various physical and numerical models to predict 
surface quality [160,165,166].  
With regards to powder characteristics, part surface quality is directly affected by powder granulometry 
where the use of finer particles can minimise stair-stepping effects since smaller layer thicknesses are 
required [79,167]. Correspondingly, the use of refined powder sizes and layer thicknesses allows SLM 
to outperform other metal AM systems in terms of surface quality and part resolution [9]. Powders with 
fine granulometry would also be more substantially melted and generate better surface quality over 
coarser grades as shown by Spierings et al. [79]. Furthermore, a wider distributed powder (0-45µm) 
produced parts with better side surface roughness as compared to a narrower grade (10-45µm) [85]. 
Using numerical simulations, Lee and Zhang [100] also presented that a positively skewed powder with 
higher composition of fine particles generated a smoother melt pool surface as compared to a negatively 
skewed grade of similar particle size range. However, fine powders may impose a disadvantage when 
building sharp edges with an inclination (~45º) due to heat accumulation effects, producing rougher 
surfaces [167]. Based on the reported studies, the surface quality of SLM parts seemed to be mainly 
affected by powder granulometry in terms of layer thickness and powder packing density. Powders with 
fine granulometry would generally require smaller layer thicknesses which could reduce the stair-
stepping effect as well as surface roughness. On the other hand, the inclusion of fine particles which 
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concurrently increase powder packing density would also generate a stable and continuous melt pool, 
producing smoother contours and part surfaces.     
6.0 Summary 
The influence of powder granulometry on feedstock and part performance in the SLM process has been 
reviewed in this work and summarised in Tables 4 and 5 respectively. Powdered materials used in the 
PBF technique often vary in size distribution due to process disturbances (mechanical, thermal etc.) 
which extends over other powder characteristics as well as affecting final part quality. As such, it is 
important to survey the various processing implications due to granulometry changes and establish 
further grounds for feedstock manufacturing, optimisation, characterisation, qualification as well as 
selection specially tailored for the SLM process. Among powder characteristics, morphology and 
granulometry attributes are primarily intertwined which can dictate other physical and chemical 
behaviours of the feedstock. Packing density and flowability form the basis of feedstock qualification 
prior to SLM processing and are directly affected by granulometry variations which demand strong 
emphasis for optimization of the respective parameters.  
Higher powder packing density is typically observed in wider Gaussian distributed grades with skewed 
features and multimodal powder distributions where small proportions of fine particles are intentionally 
added to percolate through packing voids among coarse powders under a suitable size and composition 
ratio. In comparison, more significant powder packing density improvements may be noted for 
multimodal powders (≥10%) over skewed Gaussian grades (<5%). Accordingly, enhancements in 
powder packing behaviour can increase particles’ presence under laser exposure which raise thermal 
absorptivity during consolidation, both corresponding to higher part densification. In addition, 
improved packing also allows the increase in powder bed thermal conductivity, involving more number 
of particle contacts for enhanced heat transfer. However, fine particles (<10µm) added in excessive 
amounts (>15%) would tend to reduce powder flowability and affect coater performance during 
deposition, resulting in possible segregation or agglomeration. Based on the inverse relationship 
between powder packing density and flowability, multimodal powders are also more likely to encounter 
flowability issues as compared to Gaussian grades.  
In terms of overall particles’ size, fine granulometry will generally expose a larger surface area during 
laser irradiation which facilitates complete melting to produce dense parts. However, there may be 
increased risks of powder contamination as compared to coarser powders. Meanwhile, coarse 
granulometry introduces larger void sizes which act as crack initiation sites in produced parts and 
reduces mechanical strength. The relatively higher laser absorptivity of fine particles would also 
increase the undercooling degree which enhance solidification rates and produce more refined 
microstructural features. This could also explain the lower elongation observed in finer powder grades. 
Subsequently, steeper thermal gradients can yield greater percentage of metastable phases but may 
contribute towards higher induced residual stresses. The influence of granulometry on surface quality 
is also clear where finer powders generate smoother part surfaces as smaller process layer thicknesses 
are needed. To further evaluate granulometry influence on part properties, it is necessary to derive 
appropriate process parameters used to comply with powders of different granulometry characteristics. 
Current Best Practices and Challenges 
Based on the analysis of feedstock used in SLM and DMLS processing, basic powder requirements that 
are currently in place to ensure good process-ability are designed with the following conditions: 
 𝐷90 of the feedstock should be smaller than the process layer thickness used (𝐷90 < 𝑡𝑙𝑎𝑦𝑒𝑟) in 
order to prevent the segregation of particles with sizes larger than the allocated thickness 
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 Feedstock used should possess uniform sphericity and apparent density as high as possible 
while maintaining good flow behaviour to promote densification and minimise agglomeration 
effects concurrently 
 Metallic feedstock should contain very low levels of interstitial contaminants such as oxygen 
and hydrogen due to their adverse effects on SLM processing in disrupting layer adhesion and 
disrupting part properties   
Current industry SLM applications still mainly utilise Gaussian powders which may be due to the 
tedious pre-requisite preparation involved during feedstock mixing and blending procedures to produce 
skewed or multimodal feedstocks. Furthermore, there are insufficient studies which evaluated on the 
performance of AM feedstocks affected by granulometry variations (Gaussian, positively/negatively 
skewed, bimodal, trimodal etc.) to explicitly study the powder behaviour (density, flow etc.) and 
influence on finished parts. The inverse relationship between powder packing density and flowability 
also further complicates the decision to integrate fine powders which demands extensive experimental 
trials to identify powder formulations of appropriate size and composition ratios of coarse and fine 
particles tailored for SLM. Current flow and density criterions used for the characterisation of AM 
powders are also mostly adapted from existing test standards designed for traditional PM which may 
not be directly transferrable to laser processing techniques which involve rapid melting and re-
solidification mechanisms. As compared to thermal particulate diffusion studies in conventional 
sintering, the focus for SLM processing should be emphasized on the thermal history of powders with 
different granulometry that could possibly yield various molten pool structures (volume, geometry, 
morphology, wetting behaviour, surface tension etc.) and affect formed layers with consideration of 
Marangoni convection and vapour pressure above the melt surface. Till now, melt formation during 
SLM processing under granulometry influence is still not well understood and difficult to characterise 
but is believed to involve the combined effects of various feedstock parameters including packing 
density, flowability, surface area and thermal absorptivity related to its size distribution.  
Table 4: Effects of Powder Granulometry on Powder Performance 
 
Powder Characteristic 
 
Key Findings 
 
Reference 
   
Surface Area  Fine powders exhibited larger surface area as 
compared to coarse powders, providing 
higher amount of laser absorption 
[105] 
Packing Density  Higher powder bed density was observed in 
316L powder with wider size distribution  
 Powder layer density increased from 53% to 
63% via the addition of 30% fine particles and 
size ratio (1:10) in Ni-based powders 
 Increase in tapped density observed in 
IN738LC powders with increasing size 
distribution spans 
 Increase in apparent density from 76.9% to 
87.6% for Cu alloy powders when the amount 
of fine binder particles (<20µm) increased by 
10%  
[75] 
 
[50] 
                    
[53] 
                   
       [113] 
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 Highest apparent and tapping densities 
observed in trimodal blended Al-Si powder of 
coarse-medium-fine size ratio 5:2:1 and 
composition ratio 75:20:5wt% respectively  
[73] 
Flowability  Mean particle size smaller than 30µm tend to 
agglomerate easily 
 316L powder with narrower size distribution 
exhibited better flowability 
 Reduction in flow energy from 665mJ to 
658mJ observed in recycled titanium powder 
as compared to new powder 
 Poorer flowability observed in bimodal 
Ti6Al4V powder with higher AOR of 55.2º 
as compared to Gaussian grades 
 IN738LC powders with distribution span 
≤1.5 (HR≤1.25) exhibited better flow than 
those with spans >1.5 (HR≈1.26-1.32) 
[105] 
                        
[75] 
 
[45] 
                  
[74] 
              
        [53] 
Thermal Properties  Simulated bimodal powder with size ratio 7:1 
and 20% fine particles inclusion showed 
increase in absorptivity over Gaussian grade 
 Lower OPD (20µm) observed in fine particle 
sizes (<20µm) as compared to coarse Ni 
grade (50-75µm) with OPD of 200µm 
 Melting of fine Fe powder (<20µm) as 
compared to (<45µm) produced more melt 
volume due to lower OPD and higher energy 
absorption which formed larger track heights 
 Thermal conductivity of bimodal Ti6Al4V 
powder was 40% higher than Gaussian 
grades 
 Thermal conductivity of 316L powders 
increases with powder packing densification 
[96] 
   
                 
[89] 
                  
        [16] 
                    
      
        [74] 
         
       [117] 
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Table 5: Effects of Powder Granulometry on Part Performance 
 
Part Characteristic 
 
Key Findings 
 
Reference 
   
Part Density  Negatively skewed 316L powder which 
contained fine particles obtained higher part 
densities at a specific energy density range and 
lower layer thickness over finer Gaussian 
grade. Finest granulometry powder was 
observed with the best densification results. 
 Wider distributed 316L powder produced 
higher part densities as compared to the 
narrower grade 
[55] 
 
                   
 
[75] 
Mechanical Properties  Negatively skewed 316L grade showed higher 
ductility but lower tensile strength as compared 
to Gaussian distributed powders  
 Narrower distributed 316L powder produced 
higher part mechanical strength but smaller 
elongation over wider distributed grade 
 Comparable tensile strength observed between 
bimodal Ti6Al4V powder and monomodal 
grades 
[55] 
             
     
       [75]                
  
  [74] 
Microstructure  Higher martensitic content observed in finer 
PH 17-4 powder (D90<16µm) as compared to 
coarser grade (D90<25µm) 
 Finer dendritic structure observed in bimodal 
Al-Si powder as compared to Gaussian and 
Tri-modal grades 
       [132] 
  
  [73] 
Surface Quality  316L powder with finest granulometry (𝐃𝟗𝟎 = 
24.17µm) obtained the best surface quality 
 Wider distributed powder (0-45µm) exhibited 
better side surface roughness as compared to 
narrower grade (10-45µm) 
  [55] 
 
[75] 
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7.0 Outlook 
Extensive research work related to the study of metal AM feedstock characteristics, not limited to 
granulometry, is still required to strengthen the understanding of material-process variation in order to 
improve repeatability and reliability in SLM manufacture: 
(1) Mapping of suitable powder size distribution range to process windows which provides 
optimum powder behaviour as well as part quality for different materials 
 
(2) Quantification studies on powder surface area to understand the effects on contamination (E.g. 
oxygen content) and irradiation (E.g. thermal absorptivity) relative to powder size attributes   
 
(3) Improve on existing characterisation techniques and establish standards specifically for metal 
AM powders to qualify feedstock quality governed by morphology, granulometry, surface 
chemistry, packing density, flowability and thermal properties 
 
(4) Design in-situ metrology approaches to determine feedstock behaviour within the process 
chamber (E.g. powder bed scanning with dynamic image analysis) and ensure conforming 
powder granulometry 
 
(5) Further investigate on the effects of powder characteristics variation on mechanical properties 
and microstructure as well as build failures which transit into part defects including porosity, 
distortions and surface quality 
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